Black needle-shaped single crystals of Hg 2 V 8 O 20 were obtained by heating amorphous precipitates resulting from mixing aqueous solutions of HgNO 3 OH and NH 4 VO 3 (Hg : V ratios between 1 : 2.0 and 1 : 2.5) in evacuated silica ampoules at 450 • C for two weeks. Their crystal structure was determined from single crystal diffractometer data [C2/m, Z = 2, a = 22.375 (1) 
Introduction
Numerous mercury vanadates with different oxidation states of mercury have been listed in one of the older handbooks on vanadium and its compounds [1] . In the meantime, some of these phases have been structurally characterized, including the high-temperature modification (β -phase) of Hg II V V 2 O 6 [2] , the structure of which has later been re-determined [3] , the dimorphic compound Hg II 2 V V 2 O 7 with its low- [4] and high-temperature [5] modifications, both resembling the pyrochlore structure, and the mercury vanadates with the empirical formulas HgVO 3 and Hg 2 VO 4 [6] . HgVO 3 contains mercury in oxidation state +1 and may be expressed as (Hg I 2 )(V V O 3 ) 2 , whereas Hg 2 VO 4 contains mixed valent mercury in oxidation states +1 and +2 and can be regarded as a basic mercury(II) adduct of HgVO 3 , leading to the formula (Hg I 2 )(V V O 5 , which were obtained as microcrystalline products in the system HgO-V 2 O 3 -V 2 O 5 at high-pressure conditions (2.5 to 7.7 GPa) [7] , all reported ternary mercury vanadates [1, 8] comprise vanadium in oxidation state +5. However, lower oxidation states for vanadium were also observed for quaternary mixed metal/non-metal framework structures in the system Hg-V-P-O-(H) where the crystal structures have recently been determined for the orthophosphates (Hg 2 ) 2 VO(PO 4 ) 2 [9] and Hg 4−x O 1−y (VO)(PO 4 ) 2 · (H 2 O) [10] with vanadium in oxidation state +4 and the diphosphate HgV 2 (P 2 O 7 ) 2 [11] with vanadium in oxidation state +3.
In the present communication we report the first ternary mercury vanadate with mixed-valent vanadium(IV/V). It has the composition Hg 2 V 8 O 20 and was obtained during phase formation studies of the system Hg-V-O. (1) • , but it was not possible to grow larger crystals of this compound or to solve the structure from powder data.
Thermal treatment of precipitated mercury vanadates:
For thermal treatment, the dried precipitation products or mixtures of the precipitates and of HgO were heated in sealed and evacuated silica glass ampoules. The ampoules had volumes between 5 and 10 mL and were annealed between 400 and 450 • C for 11 to 14 days. The products were rinsed out with acetone and were inspected under a polarizing microscope. Selected crystals and the bulk products were studied by single crystal and X-ray powder diffraction, respectively. Details of selected batches for single crystal growth are given in Table 1 .
X-Ray fluorescence analysis and X-ray diffraction
Semi-quantitative analyses of the compounds were carried out in a scanning electron microscope (Leica, type 420i) with an EDAX (energy-dispersive analysis of X-rays) attachment. Only elements with an atomic number higher than Na could reliably be detected. Microcrystalline samples were characterized by X-ray powder diffraction (XRPD). For that purpose an Enraf-Nonius FR 552V Guinier camera (CuK α1 radiation, α-quartz (a = 4.9130, c = 5.4046Å) as internal standard) and a Philips X'Pert Pro diffractometer (BraggBrentano geometry, CuK α1,2 radiation, single crystal silicon sample holder, linear PSD detector, step width 0.02 • , acquisition time 8 s step −1 ) were used.
The tiny black needles ( Fig. 1 ) of the title compound were obtained only after thermal treatment of precipitates from "Hg 2+ + NH 4 + -containing vanadate(V) solutions" and without addition of HgO (Table 1 , batch I). They had a maximal length of up to 3 mm and their EDAX measurements showed a Hg : V ratio between 1 : 3 and 1 : 4. When the flexible black needles were cut to a length suitable for X-ray measurement, this resulted frequently in fraying of the crystals. However, it was possible to separate a very tiny needle and to pin it along the needle axis on a glass fiber. The crystal was then measured on a Bruker Smart-Apex CCD diffractometer in the ω and ϕ scan technique with 0.3 • rotation width and 60 s exposure time per frame. Three independent sets of 600 frames were recorded, thus scanning the entire reciprocal sphere up to θ = 28 • with high redundancy. Because the crys- tal diffracted very weakly, nearly no intensity was observed for the high angles reflections and thus the data set was cut off for reflections with θ > 25.0
• . An absorption correction was applied using the multi-scan approach with the program SADABS [13] . The structure determination revealed the formula Hg 2 V 8 O 20 . The crystal structure was solved by Direct Methods and refined with the SHELXTL program package [14] in space group C2/m. The positions of mercury and of some vanadium atoms could be determined directly and all other atoms were subsequently found from difference Fourier syntheses.
In the final refinement cycles the positions of the metal atoms were refined with anisotropic and those of the oxygen atoms with isotropic displacement parameters. The final difference Fourier maps did not indicate any additional atomic sites, and the highest difference peaks were located very close to the mercury positions (Table 2) . Because lattice parameters from single crystal data are usually affected by systematic errors due to absorption, we calculated the interatomic distances with the lattice parameters from Guinier powder data. However, a comparison of the interatomic distances using both Guinier and single-crystal data reveals that they are the same within the standard deviations. Further details of the data collection and the crystal data are summarized in Table 2 . Atomic parameters and selected interatomic distances and angles are listed in Tables 3 and 4 . Drawings of structural details were produced using the program ATOMS [15] . Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http://www.fizinformationsdienste.de/en/DB/icsd/depot anforderung.html) on quoting the deposition number CSD-418029.
Results and Discussion
It is obvious that Hg 2 V 8 O 20 was solely obtained after thermal treatment of precipitates with an approximate composition of HgV 2 O 6 that were prepared from batches "Hg 2+ + NH 4 + -containing vanadate(V) solutions", whereas treatment of precipitates obtained from NH 4 + -free solutions led to other products (Table 1) . This points to the presence of minor amounts of ammonium cations in the precipitates of the untreated vanadate(V) solutions. When the samples are annealed in closed silica ampoules, NH 3 with its slightly reducing properties is then released which subsequently leads to the reduction of a part of vanadium(V) to vanadium(IV) [16] and of Hg(II) to Hg(I) and Hg(0), resulting in formation of Hg 2 V 8 O 20 . This is supported by the observation that a gas (apparently N 2 ) was released when the ampoules were opened (caution!). Such complex interplays between different redox equilibria of different mercury and other species have likewise been observed for various systems in closed ampoules or under hydrothermal conditions, viz. for Hg-P-O [17] , HgAs-O [18] , Hg-V-O [6] , Hg-Cr-O [19] , and Hg-Mo-O [20] . As proof that no nitrogen (as N 3− ) was incorporated into the structure of Hg 2 V 8 O 20 , we carried out "direct syntheses" from vanadium oxides and mercury metal and/or mercury oxide under similar conditions as described in the Experimental Section (closed silica ampoules, 450 • C, 10 d). The idealized redox-reactions are given in Eq. 1 -3. 
In each case orange to dark-brown microcrystalline products were obtained with Hg 2 V 8 O 20 as the main phase, as revealed by X-ray powder diffraction measurements. Besides minor amounts of unreacted mercury (clearly visible as mercury droplets), V 2 O 5 and HgVO 3 [6] were identified during the phase analyses. Only for the reaction according to Eq. 3, one reflection at 2θ = 24.56 • could not be assigned to any known phase of the system Hg-V-O.
Hg 2 V 8 O 20 crystallizes in a new structure type and exhibits the highest vanadium content of a mercury vanadate structurally characterized so far. The asymmetric unit contains one mercury, four vanadium and ten oxygen atoms. The building blocks of the crystal structure are puckered polyvanadate layers with an overall composition of [V 4 O 10 ] − extending parallel to (100) which are linked via pairs of mercury(I) atoms (Fig. 2) .
The mercury atoms are symmetry-related by an inversion center leading to a Hg 2 2+ dumbbell with a symmetric oxygen environment. The Hg I -Hg I distance of 2.510(2)Å is typical for such a dumbbell and is in very good agreement with the average distance of 2.518(25)Å calculated for more than 100 independent Hg 2 2+ groups observed for various inorganic mercurous oxo-compounds [21] . Another characteristic feature of this structure family is the formation of (2)Å is comparable with the average Hg(I)-O distance of 2.17Å found in more than 30 mercurous oxo-compounds [22] . The coordination sphere of the mercury atom is augmented by four remote O atoms of the vanadate layers at distances of 2.688(13) (2×) and 2.944(13)Å (2×), which leads to an additional cohesion between the dumbbells and the vanadate layers.
Following one of the latest reviews on multinary vanadium oxides with open framework structures [23] , the upper limit for a V-O distance to be considered as bonding is 2.6Å. Then three of the four vanadium atoms (V1-V3) have six oxygen neighbors whereas the vanadium atom V4 has five oxygen neighbors, leading to distorted octahedra with one short V=O bond and a distorted trigonal bipyramid with two V=O bonds as corresponding coordination polyhedra. However, for a better classification of the [V 4 O 10 ] − layer considering the structural chemistry of vanadium oxide frameworks as derived in [23] , we will hereafter describe the vanadium coordination polyhedra only for V-O distances < 2.5Å. Then the oxygen environment for V1 becomes also trigonal-bipyramidal. If we further ignore the differences between a distorted trigonal bipyramid (TB) and a square pyramid (SP), the vanadium oxide framework of the [V 4 O 10 ] − layer can be regarded as being of the Q-UD type of structures [23] , where Q is a quadruple chain of edgesharing VO 6 octahedra and UD are square pyramids that share only two neighboring edges with their apices directed up (U) and down (D) (Fig. 2) .
As is known for all polyvanadates or multinary vanadium oxides with open frameworks, the V-O bond lengths within the [V 4 O 10 ] − layer vary considerably, depending on the coordination number (CN) of the vanadium atoms and the function of the oxygen atoms as terminal or bridging (Table 4, Fig. 3 ). The five V-O distances to the terminal oxygen atoms O1, O3, O5, O8, and O9 are the shortest, with an average of 1.60Å for the three vanadium atoms V1-V3, and the two V-O distances of 1.66Å for the vanadium atom V4. Aiming for simplicity, these short V-O bonds are sometimes considered as double bonds within the vanadyl group "-V=O" [23] , as we have done above. The V4-O8 and V4-O9 bonds of 1.66Å are longer than the V-O bonds of ∼ 1.60Å to the other terminal oxygen atoms because the V4 atom has two such terminal oxygen neighbors as compared to the one for the other vanadium atoms.
Of the ten different oxygen atoms the O9 atom is strongly bonding to the mercury dumbbell as the second coordination partner, whereas the other terminal oxygen atoms show only weak (O1, O3) or no interactions with the mercury atoms. The bridging oxygen atoms within the polyanion have two (O8), three (O2, O4, O6, O10), or four vanadium (O7) neighbors, respectively. Thus, their individual V-O bonds are generally weaker and the average V-O distances consequently are longer, with 1.831Å for the two-fold, 1.927Å for the three-fold, and 2.110Å for the fourfold coordinated O atoms, respectively.
Finally, we consider the vanadium-vanadium interactions. With 40 negative formal charges at the 20 oxygen atoms and 2 positive charges at the mercury atoms there remain 38 positive charges to be distributed among the 8 vanadium atoms of the formula Hg 2 V 8 O 20 . Thus, there are two electrons per formula unit which are located within the vanadium-oxygen polyanion and which do not participate in vanadiumoxygen bonding. Since there are four vanadium positions, all with equal multiplicity in the compound, one is tempted to look at the interatomic distances to see whether there is one with greater average V-O bond length. The corresponding V atom could then be assigned the oxidation number +4. Because, depending on the CN, the average V IV -O distances should be between 0.04 and 0.07Å longer than the average V V -O distances [24] . This is, however, not the case. In Hg 2 V 8 O 20 there is no single atom whose average V-O distance is that much larger than all of the others, irrespective on how we define the CN of the V1 atom. We may ignore the rather large V1-O5 distance of 2.518Å. Then V1 obtains a CN of 5 like the V4 atom, but their average bond lengths are the same with 1.831 and 1.829Å, respectively. We may count the V1-O5 distance of 2.518Å as bonding. The V1 atom may then be considered to have 6 oxygen neighbors like the V2 and the V3 atoms, but again, the average V-O bond lengths of these vanadium atoms are practically the same with 1.945, 1.949, and 1.947Å, respectively. Thus, there is no single vanadium position which could be regarded as that of a vanadium atom of oxidation state +4. This is also supported by considering the V-V distances. The four different vanadium atoms all have at least two V neighbors at distances shorter than 3.13Å, but they have none at a distance of say 2.8 or 2.9Å, which may be considered typical for a localized V-V bond in semiconducting reduced binary vanadium oxides ( [25, 26] and references therein). In contrast, the shortest V-V bonds in Hg 2 V 8 O 20 are all in between 3.07 and 3.13Å and compare rather well with the bonding V-V interactions of the hightemperature modifications of these reduced oxides with metallic conductivity. Thus, we conclude that the four different vanadium positions in Hg 2 V 8 O 20 all have similar bonding characteristics with intermediate valences.
